A recently published book on the phylogeny of the animal kingdom, written by the f i t author, provided a classification based on a 'manual' cladistic analysis at the phylum level. We have extracted a data matrix consisting of 61 characters for 32 phyla from this book and treated it in more formal analyses using three Merent parsimony programs. Following a posteriori weighting, one cladogram emerged as the most parsimonious explanation of the data. This dadogram is compared to those in recent publications. Congruence is greatest with the phylogeny published by the first author, as the monophyly of 18 of the 21 supraphyletic categories proposed therein are supported in our dadogram. The exceptions are Aschelminthes, Protornaeozoa and Neorenalii but the latter group does emerge as a monophyletic taxon in a number of equally parsimonious, equally weighted trees. Comparisons with other recent phylogenies show varying degrees of divergence, especially concerning the monophyly of Spiralia and Articulata, both of which are advocated in the present paper. Significant characten of most of the supraphyletic taxa proposed by the first author are discussed.
phylogenetic classification based on cladistic principles. It now seems generally accepted that discussions about the interrelationships of the higher categories, such as phyla and classes, are only meaningful if they aim at ident3png evolutionary pathways; this can only be done by trying to deal exclusively with monophyletic groups (in the strict sense of the word) and by distinguishing between homologous and non-homologous characters and between primitive/plesiomorphic and advanced/apomorphic characters. Some of the most recent textbooks emphasize this principle and present computer-generated cladograms (Brusca & Brusca, 1990; Meglitsch & Schram, 1991) . The discussion of the interrelationships of the animal phyla by Nielsen (1995) is founded on these principles and presents a cladogram based on a 'manual' analysis. We have extracted the corresponding character matrix and present and discuss a series of computer-generated analyses.
METHODS
The main purpose of this paper is to present a quantitative cladistic analysis of the data in Nielsen (1995) . We have scored 61 characters for 32 phyla. All characters were scored as binary. C. Nielsen and D. Eibye-Jacobsen are mainly responsible for all aspects of character definitions, character codings and scorings in the matrix, whereas N. ScharfT is mainly responsible for the quantitative phylogenetic analyses.
The data matrix was analysed on a 90 Mhz Pentium computer (PC programs) and a Macintosh Quadra 800 (Macintosh programs). We used the s o h a r e programs Hennig86, version 1.5 (Farris, 1988) , PAUP, version 3.1.1. (Swofford, 1993) , Nona, version 1.15 (Goloboff, 1994a) and Peewee, version 2.15 (Goloboff, 1994b) to produce heuristic solutions. Characters were analysed and optimized using Clados, version 1.2 (Nixon, 1992) and MacClade, version 3.0 (Maddison & Maddison, 1992) .
In the early stage of this project we used heuristic procedures to explore the data.
We used the tjbb*; m;*;bb*; m;bb; h*;bb*; and h;bb; options in Hennig86.
We also tried to run the data with implicit enumeration (ie-;), but did not find any solution within 24 hours. Later in the analysis, after errors and miscodings had been detected and corrected, we managed to run the data under the ie* options in just 9
hours. In Nona we used the options wh; emp; max*; and amb = ;. In PAUP we used the heuristic method and the addition sequence options 'asis', 'closest', and 'simple'. We also tried to run the data in PAUP using exact methods, but abandoned the search after 60 hours without any visible progress. To test for multiple tree islands, we used the 'random' addition option of PAUP to run the data 1000 times with different input order of the taxa. To speed the searches for trees of minimum length (in this case = 106), we saved no more than 200 trees of length 107 for each replication, and aborted replications if that limit was reached (Swofford & Begle, 1993: 35) . The Same was done in Nona, using the option muW1000; amb = ; hold100; and hold/200;.
All analyses on equally weighted data resulted in multiple trees. Strict consensus trees were calculated with the nelsen; command in Hennig86 and Nona to summarize topological congruence. Other consensus methods (Adams, Semi-strict, and 50% Majority Rule) were investigated with PAUP. Different phylogenetic hypotheses were tested with MacClade and PAUP. The tree topology in question was built with the tree editor in MacClade and then transferred to PAUP, where it was loaded as a constraint tree and analysed with different heuristic search procedures. In this manner, different topological constraints were enforced and the results compared with the most parsimonious solution.
The most important criterion for tree selection in this analysis was parsimony, i.e.
preferring trees of shortest length. If more than one tree resulted, we used a posteriori weighting to choose among them. We investigated the effect of both successive weighting (as implemented by Hennig86 and PAUP) and implied weighting (as implemented by Peewee).
CHARACTER MATRIX
The importance of the character matrix used in the analysis is paramount. It is necessary to ascertain that all the systematic groups that are included are monophyletic, and it is equally important that the characters given the score 'present' in the matrix are homologous. This cannot be guaranteed in all cases, but we feel that it must be best to use as narrow definitions as possible in cladistic analyses, in order to avoid conclusions about sister group relationships on the basis of nonhomologous characters. One complex example may illustrate the nature of this problem: the structure called a lophophore in many recent analyses (e.g. Schram, 1991; Halanych, 1993) and the group called Lophophorata (e.g. Brusca & Brusca, It should be clear that if a character is to be used in a cladistic analysis of the position of a group, it should have been present in the ancestor of that groupotherwise the structures cannot be homologous with structures in other groups. The term lophophore has been applied to a number of structures, but we will, for the sake of argument, begin here by restricting the term to the tentacle crowns with tentacles containing mesocoelomic extensions and with upstream-collecting ciliary bands with separate cilia on monociliate cells, as reported from phoronids and brachiopods, the two groups where the homology of the lophophore has not been questioned.
The tentacle crown of sabellid and serpulid polychaetes is always regarded as an apomorphy of the highly specialized group Sabellida, and therefore not an ancestral character within the annelids; it should therefore not be classified as a lophophore in a cladistic analysis. (This principle should be self-evident, but see for example the discussion of a 'lorica' below.)
The tentacle crown of the entoprocts has a downstream-collecting ciliary system of the protostomian type (as do the tentacle crown of sabellidans and the prototroch of trochophora larvae) and lacks coelomic cavities. This is in sharp contrast to the tentacle crowns of phoronids and brachiopods (as well as ectoprocts and pterobranchs), which have upstream-collecting ciliary systems and contain coelomic cavities; the entoproct tentacle crown should therefore not be classified as a lophophore .
The ectoproct tentacle crown could be classified as a lophophore based on the presence of an upstream-collecting ciliary system and coelomic cavities, but there are important structural differences between the tentacles of ectoprocts and those of phoronids and brachiopods. The ectoproct tentacles have ciliary bands with multiciliate cells, whereas the two other phyla have only monociliate cells, and the ectoproct tentacles contain coelomic cavities of uncertain origin, whereas those in the 1990).
tentacles of phoronids and brachiopods are extensions of the circumpharyngeal mesocoel. It is therefore misleading to class% the ectoproct tentacle crown as a lophophore.
Hyman (1959) stated that the tentaculate arms of pterobranchs are not to be regarded as constituting a lophophore, and this view has been taken by most authors (e.g. Brusca & Brusca, 1990). However, the only difference between the tentacle crowns of phoronids, brachiopods and pterobranchs appears to be the shape, and Meglitsch & Schram (199 1) and Ruppert & Barnes (1 994) classq the pterobranch tentacle crown as a lophophore. All three phyla have a ciliated oral field surrounded more or less completely by a band of monociliate cells functioning as an upstreamcollecting system; furthermore, the oral field and the ciliary band extend onto the tentacles, which contain extensions of the mesocoel. We feel that this structure represents a well supported homology, which we would call a lophophore. However, we have treated the characters regarding ciliation of the tentacles and those concerning body regionation as separate entries in our data matrix.
The supraphyletic group Lophophorata (or Tentaculata) has been used since the nineteenth century for ectoprocts, phoronids and brachiopods (Hatschek, 1888; Hyman, 1959; Kaestner, 1963) , based on the alleged similarity of the tentacle crowns of the three groups, usually without discussing their similarity with that of the pterobranchs; also recent textbooks (such as Brusca & Brusca, 1990; Kozloff, 1990 and Ruppert & Barnes, 1994) accept the traditional classification almost without discussion. We feel that the above-mentioned, narrow definition of a lophophore should be used in the character matrix and that the four phyla should be treated as separate entities in the analysis; this was indeed done in the analyses of Meglitsch &
Schram (1 99 1).
Another character used in recent analyses is the so-called 'lorica' of rotifers, priapulid larvae and loriciferans. Schram (1 99 1) coded a lorica as absent in rotifers and present in priapulans and loriciferans, whereas Backeljau, Winnepenninckx & de Bruyn (1993) 'corrected' the character to present in the rotifers. However, a lorica is only present in a few, apparently highly specialized rotifers and is probably not an ancestral character of the phylum. Furthermore, the two structures are clearly of non-homologous structure: the lorica which is found in some pelagic rotifers is a local thickening of the intracellular structure called an intracellular skeletal lamina, which contains keratin-like proteins but lacks chitin (Clement & Wurdak, 199 1; Bender & Kleinow, 1988) ; it can therefore not be moulted, whereas the various thickened shields of priapulid larvae and loriciferans (and kinorhynchs) are extracellular, chitinous, cuticular structures that are moulted.
Our data matrix is extracted from Nielsen (1995) where each character and the monophyly of each phylum are discussed in detail. We have attempted to define the characters strictly in order to avoid the influence of superficial similarities, which in many cases represent non-homologies. We have therefore refrained from using characters such as 'acoelomate/pseudocoelomate/eucoelomate' and 'schizocoely/ enterocoely' .
When using the term 'primitive' group, we place the word primitive in quotation marks, because we wish to point out that the general use of the concept primitive group could be misleading. Small groups occupying basal positions on various phylogenetic trees have a number of primitive character states, but the groups are by no means ancestral; 'primitive' groups have their own apomorphies and the chance of finding for example the ancestral larval type in such a group is not larger than in its sister group.
Non-applicable characters/states are scored as a dash ('-') in the data matrix. In coding some of the characters, we have felt uncertain about the use of 'nonapplicable' versus 'absent', especially with regards to Choanoflagellates. We tried to run the data with various combinations when in doubt and did not find any differences in the results.
ANALYSES
The implicit enumeration (ie*) option in Hennig86 produced 306 equally parsimonious trees, each 106 steps long and with consistency (CI) and retention indices (RI) of 0.57 and 0.80, respectively. No other search options in Hennig86 were able to find all 306 trees. Using the t;bb*; m*;bb*; m;bb*; h*;bb*; and h;bb*; options in Hennig86, we never found more than 293 trees of length 106. The search time, however, was much shorter than under implicit enumeration. The option ebb*; found 293 trees in just 15 seconds as compared to 9 hours with ie*. The same data set produced 286 trees of length 106 in 1 18 seconds with Nona using the options wh; mas*; and amb=;. When those 286 trees were read into Hennig86 and swapped with bb*; 306 trees of length 106 were found in 16 seconds (CI and FU same as above). Thus, by combining heuristic procedures and programs it is possible to explore the data quickly and efficiently.
We also ran the data in PAUP, where all the different heuristic options gave the same result, 306 trees of length 106 (CI = 0.57; RI = 0.80). Since we were not able to use exact algorithms in PAUP, we also checked for additional trees hidden in still undetected tree islands. Maddison (1991) has shown that there is a correlation between the presence of multiple islands and the retention index of the trees. Data matrices with an RI of less than 0.67 had multiple islands, whereas those with an RI above 0.67 did not. Since our trees of length 106 all had RI = 0.80, we assumed that there were no additional trees in hidden islands.
To test this assumption, we ran the data in PAUP with the 'random' addition option and found 306 trees of length 106 (the same trees as those already found with other options) in 999 out of a 1000 times. In only one out of 1000 times did PAUP fail to find trees of minimum length. The same test was done with Nona, using the options hold1500; hold/200; amb=; and mult*lOOO;. This gave 286 trees of length 106 (the same 286 trees as found earlier and the shortest length trees were found all 1000 times). Based on these runs, we concluded that there are no more than 306 trees of length 106 in this data set. Using the unique filtering option of PAUP, we then filtered the 306 trees to remove polytomous topologies for which more highly resolved and compatible topologies were present, and obtained 1 16 trees.
The strict consensus tree generated by Hennig86, Nona and PAUP summarizes the information common to all 116 trees (Fig. 1) . It should not, however, be interpreted as a phylogeny (Swofford, 199 1 : 3 1 1). According to the Strict consensus, all 1 16 trees agree on the monophyly of Animalia (Metazoa), Eumetazoa + Placozoa (not named), Eumetazoa, Bilateria, Spiralia (excl. Bryozoa), Teloblastica, Articulata, Panarthropoda, Introverta, Cephalorhyncha, Deuterostomia, Cyrtotreta, Chordata, and Notochordata (all s m Nielsen 1995; some are not named in Fig. 1 ). The tree contains four polytomies (two trichotomies, one tetrachotomy and one dekachotomy). As expected, the Adams consensus tree is more resolved (Fig. 1) . Besides supporting the monophyly of all the groups mentioned above for the Strict consensus tree, the Adams consensus tree further supports the monophyly of Protostomia and Cycloneuralia ( s m Nielsen, 1995) . It has five trichotomies and one pentachotomy.
Since consensus trees are not the best explanation of a data set and necessarily contain less information than minimum length trees, we decided to use a posteriori weighting to choose among the set of 1 16 equally parsimonious cladograms. Such a weighting scheme could also be considered a test of the stability of the solution reached for the equally weighted data (based on a priori weighting). Successive weighting (Farris, 1969; Carpenter, 1988 ) puts more emphasis on consistent characters (i.e. those with a high rescaled consistency index), whereas characters with a large amount of homoplasy receive lower weights.
Successive weighting was done in both Hennig86 and PAUP. Hennig86 uses the best fit of the rescaled consistency index (i.e. the product of the consistency index and the retention index) as a weighting function (Farris, 1988) . Weights are scaled to lie in a range from 0 to 10 (a weight of zero effectively inactivates the character) and are truncated (i.e. a character with a rescaled consistency index of 0.89 and a base weight of 10 will be assigned a weight of 8). In Hennig86 we implemented successive weighting through the commands t;bb*; xs w;bb*;cc; xa w;bb*;cc; etc. One continues to reweight and reanalyse until the weights are unchanged in two consecutive analyses (Fanis, 1988) . Successive weighting in Hennig86 resulted in two cladograms that are one step longer (107) than the minimum length (106). One is identical to the Strict consensus tree of both trees and the other is less resolved than but compatible with the minimum length tree (Fig. 2, see below) . It contains a trichotomy between Nematoda, Nematomorpha and Cephalorhyncha and another trichotomy between Platyhelminthes, Nemertini and Teloblastica.
In PAUP, successive weighting can be implemented with greater flexibility. One can choose different weighting functions (consistency index, retention index and rescaled consistency index), and use best, worst or mean fits. Furthermore, one can specifir the base weight assigned to each character (the default is 1000 but it may be specified as anything between 0 and 32000). Contrary to Hennig86, PAUP uses rounded weights (i.e. a character with a rescaled consistency index of 0.89 and a base weight of 10 will receive a weight of 9, not 8 as in Hennig86) (Swofford & Begle, 1993) . Using a base weight of 100 or 1000 thus provides a more h e l y grained result with two or three significant digits. We used the default setting for successive weighting (best fit of rescaled consistency index, a base weight of 1000, and rounded weights). Successive weighting in PAUP resulted in one cladogram of minimum length (106). Since this topology is represented in the original suite of 116 cladograms, it is chosen as the preferred cladogram in this analysis (Fig. 2 ).
Successive weighting (as implemented by Hennig86 and PAUP) is normally performed on all trees found under equal weights (in this case 116 trees). The best fit among all the trees is used for each character. This has been criticized by Goloboff (1993) , who pointed out that only one of the trees found under equal weights can represent the true phylogeny of the group in question. Therefore, successive weighting is better defined with respect to one tree at a time. Goloboff (1993) introduced a new method for weighting characters according to their homoplasy. This method is implemented by the program Peewee (Goloboff, 199413) . We used We built the preferred tree of Nielsen (1 995: fig. 1 .4) in MacClade and used it to constrain a heuristic search in PAUP. In this manner, we found the tree to be 11 1 steps long, i.e. five steps longer than the preferred tree in the present analysis. A comparison of the two trees shows a high degree of similarity (Fig. 3 ). Of the 21 supraphyletic taxa defined by Nielsen, the monophyly of only three is not supported by the tree presented here (Aschelminthes, Protornaeozoa and Neorenalia). Neorenalia does not emerge as a monophyletic group on our preferred tree ( Fig. 3 ), but it does come out as a monophyletic group in 12 of the 116 most parsimonious trees of length 106. A closer study of Aschelminthes and Protornaeozoa and a couple of other specific cases will allow us to i d e n e a number of characters, whose behaviour on our cladogram deviates from that predicted by Nielsen, as well as some characters that were used by Nielsen but excluded from the present analysis due to dimculties in coding.
Although admitting the possibility of Aschelminthes being a paraphyletic group, Nielsen (1995) united nine phyla under this name on the basis of four supposedly synapomorphic character states: asymmetric cleavage present, lack of an apical organ in the larvae, absence of a primary (i.e. ciliated) larva, and formation of mesoderm from cells situated on the rim of the blastopore. As the larval apical organ is a character of the primary larva, which does not occur among 'aschelminths', it was necessary to code this character (21) as non-applicable for these nine phyla. Including any of the other three characters in our matrix would have posed significant problems of interpretation, introducing either homoplasy (if strict coding were applied) or biased interpretations (if coding had been carried out as if the homoplasies has already been identified). Therefore, none of the four characters used by Nielsen to define Aschelminthes was included in our data matrix, and none of the 6 1 characters that were actually used could support the monophyly of that group. In the present analysis, Aschelminthes ( s m Nielsen, 1995) is paraphyletic and Spiralia + Cycloneuralia emerges as a monophyletic group (clade G, Fig. 2 ), supported by two characters related to the method of mesoderm formation (characters 27 and 28). The 'cost' of forcing the monophyly of Aschelminthes using PAUP and MacClade is two additional steps. The taxon Protornaeozoa (sensu Nielsen, 1995) contains Ctenophora and Deuterostomia as sister groups. It was defined on the basis of one synapomorphy, the formation of mesoderm from the larval archenteron (character 28 in the present analysis). This character state failed to distinguish Protornaeozoa as a monophyletic taxon in our analysis. On the contrary, the analysis indicates that mesoderm formation from the archenteron evolved in the common ancestor of Bilateria and was subsequently lost in the common ancestor of the clade Spiralia + Cycloneuralia;
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Preferred tree of this analysis -106 steps long
Asacvima' This contrasts strongly with Nielsen's hypothesis, according to which the two methods of mesoderm formation arose independently in two distinct lineages. One of the main reasons that our cladogram does not support this hypothesis is that the mesoderm is apparently formed from the archenteron in Chaetognatha (see below) together with the fact that we currently lack knowledge about mesoderm formation in Acanthocephala and Rotifera (character state coded as unknown in our data matrix). Furthermore, these circumstances also contribute to the lack of support for Aschelminthes in our analysis. (Doubt has been raised as to whether the 'enterocoely' observed during chaetognath embryology is homologous to that in deuterostomes (Meglitsch & Schram, 199 1) and we have therefore not included this character in our matrix.) Since the embryology of acanthocephalans and rotifers is unknown, the computer programs used to build trees implicitly regarded mesoderm formation from the archenteron as present in these two phyla based on characters that otherwise support the monophyly of a clade containing Rotifera, Acanthocephala and Chaetognatha. There are no observations which support such a conclusion. We tried to exclude character 28 from the analysis altogether, which resulted in 25 trees of length 104, none of which supported the monophyly of Aschelminthes or Protornaeozoa. Coding Rotifera and Acanthocephala as either 1 or 0 for character 28 resulted in 19 trees of length 106, and neither of these trees supported the monophyly of Aschelminthes or Protornaeozoa. Renewed observations on mesoderm formation in Chaetognatha and any new information on Acanthocephala and Rotifera would obviously be of great value to future studies on the phylogeny of the animal kingdom, but will not spread any new light on the monophyly of Aschelminthes and Protornaeozoa. Under the present circumstances, the 'cost' of constraining the preferred cladogram in such a manner that Protornaeozoa emerges as monophyletic is two additional steps.
The group Parenchymia (sennr Nielsen, 1995) contains the phyla Platyhelminthes and Nemertini. The proposed sister group relationship between these two phyla was based on similarities in the ciliary bands of the planktotrophic larvae and the assumption that the central nervous systems of the two phyla have lost the ventral component, which is otherwise a characteristic part of the protostomian nervous system. Since the first of these characters is difficult to define and the second is purely speculative, we have not included them in our matrix. The two phyla nevertheless come out as sister groups in this analysis, supported by character 22 (larvae or adults with downstream-collecting ciliary bands of compound cilia on multiciliate cells) under DELTRAN optimization. T h i s solution entails parallel evolution of this character in Articulata (subsequently lost in Panarthropoda), Parenchymia, Entoprocta, and Rotifera, as shown in Figure 2 . Using equally parsimonious ACCTRAN optimization, the advanced character state would arise twice (in Rotifera and Spiralia) and be lost three times (in Ectoprocta, Sipuncula and Panarthropoda). In the latter case there is no support for the monophyly of Parenchymia, which should thus be treated with caution.
The preferred cladogram presented in this analysis is filly resolved, whereas the tree given by Nielsen (1995) contained four trichotomies. One is at the base of the Deuterostomia, the three branches being Phoronida, Brachiopoda and Neorenalia. In our tree, Phoronida and Brachiopoda are sister groups in a monophyletic taxon defined by three synapomorphies (one of which is a character reversal): loss of separate gonoducts (character 17), transport of gametes through the coelom prior to their release (character 18), and presence of metanephridial excretory ducts draining the coelom (character 55). According to the cladogram shown in Figure 2 , the same three states arose by convergence in the ancestral form of Teloblastica as well. The three characters are obviously linked, and it is quite possible that the sister group relationship between Phoronida and Brachiopoda indicated on Figure 2 rests on plesiomorphic character states (see also Nielsen, 1995).
Nielsen's cladogram also shows a basal trichotomy in Spiralia, the three branches being Parenchymia, Bryozoa and Teloblastica. According to our analysis, Bryozoa is the sister group of a clade containing Teloblastica and Parenchymia (clade I). The monophyly of Teloblastica + Parenchymia is supported by the presence of an adult brain derived from or associated with the larval apical organ (character 44).
However, due to the absence (possibly a secondary loss) of a primary larva among the 'aschelminth' phyla, it is possible that the presence of the apomorphic state of character 44 in the common ancestor of Teloblastica + Parenchymia is in fact a plesiomorphy at that level. Nevertheless, on our preferred cladogram, as well as on that of Nielsen (1995) , such a scenario would 'cost' one additional step.
In conclusion, the differences between the cladogram presented by Nielsen and that of our analysis (Fii. 3) are not great but do point towards the need for greater knowledge in certain key areas.
Brusca & Brusca (1 990) were the first to present a cladistic analysis of most of the metazoan phyla. Unfortunately, T'richophw, ctenophores, entoprocts, and all the 'aschelminths' were excluded fiom their analysis; ectoprocts, phoronids, and brachiopods were treated together as lophophorates; and pterobranchs and enteropneusts were treated together as hemichordates. Their analysis showed the traditional relationships between poriferans, cnidarians, protostomes and deuterostomes, and indicated that the groups here called Teloblastica and Deuterostomia are monophyletic, but the incompleteness of their analysis left most of the more interesting problems unanswered.
Meglitsch & Schram (1991) and Schram (1991) analysed the fill range of metazoan phyla; their definitions of the phyla corresponded with those in our Appendix 1, with the following exceptions: (1) Uniramia, Cheliceriformes, Crustacea and Pentastomida were treated as separate phyla, whereas we have treated them as one phylum, Arthropoda. (2) Annelida, Pogonophora, Gnathostomulida and Echiura were treated as separate phyla, whereas we have included the three latter groups in the former. Some of the results are in strong contrast to our findings. For example, their trees show kinorhynchs as the sister group of panarthropods with nematodes as the closest outgroup, which would disrupt the Spiralia. However, we have significant disagreements about some of the characters in their matrix: We fail to see any difference between character 5 (entomesoblast cell (blastomere 4 d) . . . [absent/ present] ) and character 7 (entomesoblast proliferation contributing to mesoderm . . .
[absendpresent]), which are given different codings in their ma&. We have also found a number of cases where we disagree about the coding. Character 27 (basal lamina): definitely present in Cnidaria, but coded as absent; Character 35 (coordinated cilia with ciliary necklace): this is probably a metazoan character and should be coded as present in all phyla having motile cilia, but investigations on the ciliary necklace are lacking for a number of phyla; Character 37 (paddle cilia): this is probably a fixation artifact (see discussions in Pfannenstiel, 1982; Nielsen, 1987 and Short & Tamm, 1991) ; Character 39 (swimming/feeding band@) of cilia in larvae with compound cilia): such bands are present in phoronid larvae (although the compound cilia are formed from monociliate cells) and sipunculans but absent in clitellates; Character 41 (pelagic larvae with apical ciliary tuft and plate): present in cnidarians, but coded as absent; Character 86 (calcified skeletal covering secreted by epidermis): should be coded as absent in echinoderms. The embryology of tardigrades is very poorly known, so characters 5 and 6 should definitely have been coded as '?' and not '1' for Tardigrada and the coding of character 7 is equally dubious (see above for characters 5 + 7); kinorhynch embryology is completely unknown and character 6 should therefore have been coded as '?'. The purpose of Eernisse et al.'s paper was not to analyse the entire eumetazoan group, so a number of phyla were not included. This makes their analysis less interesting for the present study, and we have not attempted to make any reanalyses.
General discussion of animal pbhgeny i % 'basal' part ofthe p@hgeneeiC tree (clades A, B and C in Fig. 2 ). The origin of the animal kingdom has been discussed by numerous authors over the centuries, but it now seems that a consensus regarding the choanoflagellates as the sister group of a monophyletic Metazoa is emerging (Barnes, 1985; Brusca & Brusca, 1990; Ruppert & Barnes, 1994; Nielsen, 1995) . The problematic group 'Mesozoa' is now regarded as diphyletic by most authors, and it has been left out of our analyses altogether. , 1994 and Nielsen, 1995) , and can probably be accepted without discussion.
The position of the cnidarians as the sister group of all other eumetazoans is also accepted by most authors, but a few favour the classical idea of uniting the cnidarians and ctenophores (see below).
Ctenophora (see clade D). The traditional group Coelenterata comprising cnidarians and ctenophores is still recognized by some authors (Ax, 1989; Ruppert & Barnes, 1994). We have found that the sister group status of the two phyla is not supported by any of the computer generated analyses, and it is furthermore contradicted by observations on the ultrastructure of spermatozoa (Elders, 1993) and by the presence of mesoderm in Ctenophora (Metschnikoff, 1885; Nielsen, 1995) . The 'cost' of forcing the monophyly of Cnidaria + Ctenophora in our analysis is three steps. We interpret the morphological/embryological characters proposed as synapomorphies for cnidarians and ctenophores by other authors (absence of bilateral symmetry and of mesoderm) as symplesiomorphies or misinterpretations (see below).
Nielsen (1995) regarded the ctenophores as the sister group of the deuterostomes on the basis of the origin of the mesoderm fiom cells at the bottom of the archenteron. Our analyses, as well as that by Meglitsch & Schram (1991), consistently placed the ctenophores as the sister group of protostomes + deuterostomes, but this may reflect coding problems in a data matrix comprising highly diverse taxa.
One character which supports the exclusion of the ctenophores from the Bilateria in our tree is character 33 'blastopore remains as mouth/anus', which is 'lost' in the bilaterians. We have simply coded this character as absent/present, but the trochaea theory proposes that this 'loss' has taken place in two Werent ways: in protostomes the blastopore became divided into mouth and anus, whereas in deuterostomes it became transformed into the anus &er the development of a new mouth. Only a few annelids, onychophorans, and nematodes show the actual division of the blastopore through fusion of the lateral blastopore lips, but there are many indications of this process, especially in the development and gross morphology of the central nervous system, in most protostomian phyla. The deuterostomes also exhibit a blastopore fate which is obscured or open to interpretation; only some brachiopods, echinoderms, and enteropneusts have embryos where the blastopore becomes the anus, but there is on the other hand no example of a division of the blastopore as in the protostomes. There seem to be two possibilities for coding such characters, either to code the actual occurrences, which are probably so few and scattered that they will disappear in the analyses, or to code according to more or less strong indications, which would remove 'objectivity' completely (see also the similar problem discussed in the section on Aschelminthes).
Bilateria (clade E)
. With Ctenophora excluded, the Bilateria has the circumference accepted by almost all modern authors. It is characterized by bilateral symmetry, but as pointed out by the trochaea theory, this feature may have evolved independently in protostomes and deuterostomes, with the blastopore becoming divided to form the adult mouth and anus in protostomes and only the anus in deuterostomes (see above). This implies that the ventral surfaces of protostomes and deuterostomes are not homologous, and also that the protostome mouth is not homologous with the deuterostome mouth. The 'manual' analysis found only few synapomorphies, the most conspicuous being protonephridia, but the computer analysis results in a tree with protonephridia evolving independently in protostomes and phoronids. The interrelationships of protostomes and deuterostomes are clearly in need of further investigation.
FfotostOmia (clade F).
A number of phyla share several complex characters, such as a blastopore which becomes the mouth (or mouth + anus), trochophora larvae, and a ventral nerve cord; these characters were used to characterize a major metazoan group already by Hatschek (1888, who called the group Zygoneura) and Grobben (1908, who created the name Protostomia, which is now used by most authors) and has been accepted by many subsequent authors. The trochaea theory (Nielsen & Narrevang, 1985; Nielsen, 1995) interprets a number of protostomian characters as coupled, namely lateral blastopore closure, central nervous system consisting of an apical/dorsal/circumoesophageal brain and paired or fused longitudinal ventral nerve cords, and trochophora-type larva with downstream-collecting ciliary systems consisting of compound cilia on multiciliate cells. These characters should reflect the evolution from a free-swimming, radially symmetrical filter-feeder (trochaea) to a pelago-benthic, bilateral organism with a filter-feeding larva and a deposit-feeding adult (gastroneuron), which was the ancestor of the protostomes. Together with the unrelated spiral cleavage pattern, which is found only in spiralian phyla, one or more of these characters are observed in all protostomian phyla (with the exception of Ectoprocta), and none of them have ever been found in any of the deuterostome phyla. It seems very unlikely that these characters, which are all quite complicated, should have evolved by convergence in the protostomian phyla (Nielsen, 1994) ; on the other hand, the distribution of these characters within phyla indicates that some of them may easily be lost again. The lateral blastopore closure is observed only in a few species of annelids, onychophorans, and nematodes, but corresponding movements of nuclei and cells can be followed in many annelids and arthropods, and this is a character which is apparently easily modified because the blastopore is not functional in any of the extant species. Several phyla which contain many species with planktotrophic larvae encompass smaller or larger clades which have only lecithotrophic larvae (as for example polyplacophorans and annelid families such as Terebellidae and Capitellidae) or direct development (as for example cephalopods and clitellates). It should therefore not be unexpected that some protostomian phyla have lost the planktotrophic larvae or even the primary larval stage altogether (as for example arthropods, nematodes and chaetognaths). The 'trochaea-scenario' is an integrated interpretation of several characters, but also the 'objective' analyses of our character matrix indicate protostomian monophyly with the Adams consensus method (Fig. 1) .
Ax (1987, 1989) regarded the lack of an anus in the platyhelminths as a plesiomorphy and consequently treated this phylum as the sister group of the remaining bilaterians; this view is not supported by our analyses, nor by the analysis of Meglitsch & Schram (1991), but this may at least in part be a result of our choice of characters for the matrix (see also below).
S'irulia (clade I-€).
The spiralian cleavage pattern has been especially well studied in annelids and molluscs, but similar patterns with identical origins of prototroch and entomesoderm have been reported from sipunculans and entoprocts. The origin of entomesoderm from the 4d-cell has likewise been ascertained in platyhelminths and nemertines, and strong indications of the spiral pattern can be recognized in a few arthropods. The cleavage of ectoproct embryos can perhaps be interpreted as spiral (Nielsen, 1995) , but we have coded it as unknown. Further studies on these cleavage patterns could be expected to throw important new light on spiralian phylogeny. The 'aschelminth' phyla whose embryology has been studied show no trace of a spiral pattern, and the cleavage pattern of most of the deuterostome groups which spawn eggs and sperm free in the water are so strictly radial and with a low degree of determination that it seems most unlikely that a spiral pattern could have been present in their ancestors. It is generally accepted that the spiral pattern has been lost in some of the mollusc groups, such as cephalopods, and in most of the arthropods, but the spiralian type of development is so specific that it is very diacult to image that it has evolved more than once. Our analyses support the monophyly of the Spiralia and the group (excluding Bryozoa) is shown in the Strict consensus tree (Fig.  1) . The ectoprocts come out as the sister group of the entoprocts within the Spiralia in the weighted tree and many of the equally weighted trees (Fig. 2) but are definitely one of the phylogenetically most problematic groups; this also became obvious during our study as this phylum had a very unstable position when various characters were subjected to special analyses.
Ax (1987, 1989) regarded the platyhelminths as the sister group of all other bilaterians, which implies that spiral cleavage is either ancestral in the bilaterians, and therefore lost in 'aschelminths' and deuterostomes, or evolved convergently in platyhelminths and the other spiralians; both of these possibilities appear improbable.
Teloblusha (clade J). This group, which comprises sipunculans, molluscs and euarticulates (see below), was originally defmed (Nielsen, 1995) by the presence of mesodermal teloblasts which give off anterior bands of mesoderm (a character not included in the matrix because the observations are so few). It came out in the Strict consensus tree in our analysis (Fig. 1) , 1992) . In general it corresponds to the old concept of 'protostomian coelomates', but was not earlier given a formal name. New investigations on the ultrastructure and development of metanephridia show that coelomic cavities with metanephridia, functioning also as gonoducts, occur in many teloblast groups and in the more 'primitive' deuterostomes, and that homology between annelid and phoronid metanephridia is not indicated (Bartholomaeus & Ax, 1992). The restricted occurrence of the complex of coelom plus metanephridia/ gonoducts within protostomes supports the view that the ancestral bilaterian was non-coelomate (see also Ruppert, 1991) . The more 'primitive' phyla (Sipuncula, Mollusca and Annelida) have planktotrophic trochophora larvae and one of the implications of this concept is that the panarthropods (onychophorans, tardigrades and arthropods) have lost these larvae (see below).
Articulata (clade K). The monophyly of this clade is based not only on the interpretation of molluscs as segmented, but also on the assumption that the haemal system with pericardial 'heart' has evolved only once within protostomes.
EuarcicUlata (clade L). The segmented protostomes, which have new segments added from a teloblastic growth zone at the pygidium, are usually regarded as a monophyletic group. Eernisse et al. (1992) argued that the Articulata (s.1.) are diphyletic, consisting of the independently evolved 'Eutrochozoa' (Sipuncula, Annelida and Mollusca) and Arthropoda. This was based on analyses of both molecular and morphological data, but we have strong reservations about their morphological data matrix (see above). Their interpretation of the kinorhynchs as the sister group of the panarthropods (Arthropoda, Onychophora and Tardigrada) is not in any way compatible with the results of our analyses. It 'costs' nine steps to force the monophyly of Kinorhyncha + Panarthopoda on the present data.
ParenchFia (clade 0). The sister group relationship between platyhelminths and nemertines was based on rather speculative interpretations in Nielsen's analysis and it is only weakly supported by character 22 in our analysis (see above).
Bg~ozou (clade P).
The Entoprocta have spiral cleavage and trochophora larvae and we had expected that these characters, which in Nielsen's analysis were considered highly significant, would place the phylum in the Spiralia in an early stage of our analysis. However, none of the consensus trees gave the phylum a definite position. It is probable that the entoprocts should be interpreted as protostomes which have lost the ancestral adult stage with a ventral nerve cord; this is not an objective character and has therefore not been included in our data matrix, but it may be the reason why our analyses have failed to show the expected topology. Ectoprocta are one of the phylogenetically most enigmatic phyla, and its position is uncertain in both consensus trees (Fig. 1) . They are often united with phoronids and brachiopods as the clade 'Lophophorata' (see above), but the consensus tree shows the deuterostomes (including phoronids and brachiopods) as a monophyletic group, so our analysis does not support this concept.
'hchelminths'(c1ades Qand V). The analyses show that the group Protostomia clearly comprises Spiralia, Cycloneuralia (clade Q, see below) and a clade comprising the three phyla Rotifera, Acanthocephala, and Chaetognatha ('R-A-C' = clade V).
The chaetognaths have been placed in very many different places in the zoological system, quite often in the Deuterostomia because of their method of coelom formation. However, Meglitsch & Schram (1 99 1) questioned the enterocoelic nature of the body cavities, and the coelomic compartments are definitely not homologous with the archimeric coelomic sacs of the deuterostomes. Both development and morphology of the adult nervous system are typically protostomian, the early determination of the germ cells is typical of many aschelminths, and the toothed oral membrane with its very high content of chitin resembles the mastax of the rotifers (Nielsen, 1995) . The first cladistic analysis which includes the 'Aschelminthes' also placed the chaetognaths among the aschelminths (Meglitsch & Schram, 199 1).
Acanthocephalans and rotifers share the unique intracellular skeletal lamina (sometimes called intracellular cuticle), and although the acanthocephalans appear highly specialized in connection with their parasitic life, it seems that the two phyla must be regarded as closely related. The acanthocephalans have an unstable position in our analyses, but this is probably a result of their strong specializations which leave only few characters to include in the data matrix.
Interrelationships between 'R-A-C', Cycloneuralia and Spiralia are more uncertain (see above). The former two are often united as the group Aschelminthes (sometimes called Pseudocoelomata or Nemathelminthes), but it is very diacult to find any defining synapomorphies for this group. Nielsen ( 1995) used mostly negative characters, such as the lack of primary larvae, of apical organ, and of spiral cleavage. The only more specific character, namely the origin of the mesoderm from the blastopore rim, is weak because it has only been ascertained in nematodes and gastrotrichs, whereas the origin of the mesoderm is unknown in most of the other phyla. In our analysis we have had to code the character 'apical organ' (21) as nonapplicable, because primary larvae are lacking. As also stated by Nielsen (1 995) it is indeed possible that the Spiralia have evolved from 'aschelminth' ancestors and that 'Aschelminthes' is thus paraphyletic, as indicated by our analysis. As mentioned above, however, the 'cost' of forcing monophyly of the traditional Aschelminthes is only two steps, and it might be practical to retain it as the sister group of Spiralia until further evidence becomes available.
Qcloneurulia (clade Q).
The six phyla included in this clade are generally regarded as closely related, and both Neuhaus (1 994), who called the clade Nemathelminthes s.s., and Nielsen (1995) proposed the same interphyletic relationships as shown in our analyses (Fig. 1) .
Deuteroshiu (clade Y). This major bilaterian group turned up as monophyletic throughout our analyses and is supported by a series of characters on the weighted tree ( Fig. 2) in good accordance with the interpretations of the trochaea theory. Some authors, for example Salvini-Plawen (1982) , derive Deuterostomia from protostomian ancestors, leaving Protostomia as a paraphyletic group. This implies that the deuterostome ancestors must have lost the protostomian complex of characters (lateral blastopore closure, apical brain, ventral nerve cord(s), downstream-collecting ciliary bands with compound cilia) and developed a new mouth surrounded by a new type of ciliary system and a new central nervous system. It appears possible that the two character complexes evolved independently in the two lineages, which had a common ancestor without these structures (as described in the scenario of the trochaea theory), but it is very difficult to imagine how one complex could become transformed into the other.
The trochaea theory describes the ancestral deuterostome (notoneuron) as an archimeric, pelago-benthic organism with an upstream-collecting ciliary filterfeeding system consisting of single cilia on monociliate cells. This is in agreement with our present analysis, but our weighted tree shows (Phoronida + Brachiopoda) + (Echinodermata + Pterobranchia) as the sister group of the Cyrtotreta (Enteropneusta + (Urochordata + (Cephalochordata + Vertebrata))). This implies that the complex of metasomal gonads releasing gametes to the coelom from where they are shed through a pair of metanephridia, as found in phoronids and brachiopods, becomes apomorphic within the deuterostomes instead of ancestral. This is not in agreement with most ideas about animal phylogeny and, as mentioned above, the clade Neorenalia in Nielsen's analysis (Fig. 3) came out as monophyletic in a number of the most parsimonious tree of length 106, so the more conventional interpretation of phoronids and brachiopods as more 'primitive' groups is not contradicted.
Cptretu (clade c)
. This clade is characterized by the presence of U-shaped gill slits, but many authors follow Hyman (1959) in uniting pterobranchs (which lack these gdl slits) and enteropneusts into one phylum, Hemichordata, based on the excretory organ called a glomerulus. However, the excretory organ of echinoderms, the axial gland, is clearly a homologous organ, and Nielsen (1995) treated the three groups as independent phyla. Our analyses show the clade Cyrtotreta (Enteropneusta + (Urochordata + (Cephalochordata + Vertebrata))) in the Adams consensus tree, and a close relationship between pterobranchs and enteropneusts is not indicated.
Chordutu (clade d) . The monophyly of chordates is generally accepted, but the interrelationships of the three phyla are still debated. Nielsen (1 995) interpreted the 'urochord' in the tail of larval urochordates as an ancestral chordate character, which became extended anteriorly as the 'notochord' in cephalochordates and vertebrates in connection with the development of a segmented mesodermal musculature along the tail and body. The typical form of archimery, with proto-, meso-and metacoel, is not present in cephalochordates and vertebrates, but archimery has been coded as present because a number of structures associated with the protocoel have been recognized in the three phyla (Ruppert, 1990) .
GENERAL CONCLUSIONS
The topologies of the preferred tree of our analysis and that of Nielsen (1 995) are very similar, but the individual clades are not always supported by the same synapomorphies, For instance, character 22 (larvae or adults with downstreamcollecting ciliary bands of compound cilia on multiciliate cells) is one of the main characters supporting the monophyly of Protostomia on Nielsen's tree. If we optimize this character on the preferred tree of our analysis, we find that it can be done in several different ways -depending on whether we prefer reversals or parallel evolution (ACCTW/DELTRAN); all of the resulting trees show at least two independent gains of this character, and the character never supports the monophyly of Protostomia. Since the character is considered quite complex and therefore less likely to have evolved several times, we investigated the effect of forcing this character to evolve only once (but allowing multiple losses) on the tree by defining it as a Dollo character in PAUP. The heuristic analysis resulted in 41 trees of length 106. Of all these trees, character 22 turned out to support the monophyly of Spiralia + Rotifera (with reversals in Ectoprocta, Sipuncula, Parenchymia and Panarthropoda (Onychophora, Arthropoda and Tardigrada)). None of the 41 trees support the monophyly of Aschelminthes or Protornaezoa.
Throughout this analysis, certain clades emerged as surprisingly stable, as indicated by the Strict consensus tree (Fig. 1) . This tree shows the clades common to all 306 trees and it appears that all of them agree on the monophyly of Animalia, Eumetazoa, Bilateria, Spiralia (excl. Bryozoa), Teloblastica, Articulata, Panarthropoda, Introverta, Cephalorhyncha, Deuterostomia, Cyrtotreta, Chordata and Notochordata (which is in f d accordance with Nielsen's analysis). Other clades and taxa were clearly unstable, as indicated by the Adams consensus tree (Fig. 1) . Among other things, this consensus technique identifies jumpy taxa, and thereby help us pinpoint the most important areas of conflict and instability. From this it can be seen that future work should concentrate on getting more data on the taxa Entoprocta, Ectoprocta, Rotifera, Acanthocephala and Chaetognatha.
The small differences between the preferred trees obtained in this study and by Nielsen (1 995) could perhaps be eliminated through careful reworking of our data matrix. However, we do not think that efforts should now be concentrated around new analyses of the same data, but rather on new investigations of those animal groups whose phylogeny has turned out to reveal difficulties. New observations on the embryology of a number of rotifers and chaetognaths could well lead to new interpretations of old characters, and observations on many other groups could similarly lead to new phylogenetic insights.
Our work with the various phylogenetic parsimony programs has demonstrated that analyses at the highest levels involve a number of problems not usually encountered in analyses of interrelationships among species. The great diversity within phyla such as Mollusca shows that ancestral characters must be inferred through intraphyletic analyses before the analysis can be carried out; an analysis based on the characters of a parasitic form such as the snail Enhoxenos would almost certainly lead to erroneous results, especially if its embryology and ontogeny had been unknown. But this is exactly what one deals with when trying to analyse the relationships of exclusively parasitic groups such as the phylum Acanthocephala.
Finally, we should like to point out that the use of data matrices without thorough discussion of both the systematic groups and the characters employed should be regarded with much suspicion. Phylogenetic trees published without a thorough discussion of the morphological evolution inferred from the results are of very limited interest to biologists.
Furthermore, we should like to emphasize that while computer-generated cladistic results are of course objective for any given data matrix, the choice and definition of the systematic units to be analysed, as well as the choice of the characters and their coding, are subjective. represents missing data, and '-' non-applicable states. Taxon abbreviations in the matrix from left to right are: Choanoflagellata (Ch), Porifera (Po), Placozoa (Pl), Cnidaria (Cn), Ctenophora (Ct), Sipuncula (Si), Mollusca (Mo), Annelida (An), Onychophora (On), Arthropoda (Ar), Tardigrada (Ta), Platyhelminthes (Pt), Nemertini (Ne), Entoprocta (En), Ectoprocta (Ec), Castrotricha (Ca), Nematoda (Na), Nematomoxpha (Nm), Priapula (Pr), Kinorhyncha (Ki), Loricifera (Lo), Chaetognatha (Ca), Rotifera (Ro), Acanthocephala (Ac), Phoronida (Ph) , Brachiopoda (Br), Pterobranchia (Pe), Echinodermata (Ei), Enteropneusta (Ee), Urochordata (Ur), Cephalochordata (Cp) and Vertebrata (Vr).
C PPCCSMAOATPNEECNNPKLPBPEEUCV h o l n t i o n n r a t e n c a a m r i o a o c h r e i e r p r 1. Outer epitheliawith septate or tightjunctions: 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1   0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1   0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1   0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1   0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 -1 1 1 1 1 1 1 1 1 1 1 1 1 1 1   -0 0 0 0 1 1 1 0 1 ? 1 1 1 ? 0 Note 1: i.e. with prodlome (with an unpaired or a pair of coelomic sacs), memome (with a pair of coelomic sacs usually with extensions into ciliated tentacles) and metasome (with a pair of coelomic sacs).
Cephalochordates and vertebratea have this character coded as present because the p-mal coelomic ma can be recognized and there are several pairs of pired sacs posterior to them. Note 2 i.e. the protocoelomic wall of a large blood vessel with a zone of podocytes where primary urine is formed by ultrafiltration of blood from the haemal aystem to the protocoel. 
